The effects of air drying and hypertonic treatments in the dark on seven bryophytes, which had grown under different water environments, were studied. All the desiccation-tolerant species tested lost most of their PSII photochemical activity when photosynthetic electron transport was inhibited by air drying, while, in all the sensitive species, the PSII photochemical activity remained at a high level even when photosynthesis was totally inhibited. The PSI reaction center remained active under drying conditions in both sensitive and tolerant species, but the activity became non-detectable in the light only in tolerant species due to deactivation of the cyclic electron flow around PSI and of the back reaction in PSI. Light-induced non-photochemical quenching (NPQ) was found to be induced not only by the xanthophyll cycle but also by a ÁpH-induced, dithiothreitol-insensitive mechanism in both the desiccation-tolerant and -intolerant bryophytes. Both mechanisms are thought to have an important role in protecting desiccation-tolerant species from photoinhibition under drying conditions. Fluorescence emission spectra at 77K showed that dehydration-induced quenching of PSII fluorescence was observed only in tolerant species and was due to neither state 1-state 2 transition nor detachment of lightharvesting chlorophyll protein complexes from PSII core complexes.The presence of dehydration-induced quenching of PSI fluorescence was also suggested.
Introduction
Most photosynthetic organisms can acclimate in some way to environmental drought stress if the water loss is not too large. Some angiosperms, pteridophytes, bryophytes, lichens, aerial algae and terrestrial cyanobacteria, however, can safely lose most of their cytoplasmic water. In order to distinguish this unique feature from mild drought tolerance, it is called desiccation tolerance, which means tolerance to almost total loss of free water from the cells, and these organisms are called poikilohydric photosynthetic organisms (Oliver and Bewley 1997) . Because the desiccationtolerant angiosperms and pteridophytes cannot re-grow after rehydration when they are dried quickly (for a review, see Hoekstra et al. 2001 ), this feature is called modified desiccation tolerance. Other poikilohydric photosynthetic organisms, however, are known to survive after rapid and severe dehydration, such as desiccation with silica gel (Heber et al. 2000) .
In the case of mild drought tolerance or modified desiccation tolerance, compatible solutes, like amino acids and sugars, are thought to increase during the drought stress and to function as protective agents (Hoekstra et al. 2001) . In contrast, in a desiccation-tolerant, terrestrial cyanobacterium, Nostoc commune, the solute concentration inside the cells was supposed to be low (corresponding to a sorbitol concentration of around 0.25 M; Hirai et al. 2004) . Because most poikilohydric photosynthetic organisms can tolerate rapid drying, and inhibitors of protein synthesis had little effect on their desiccation tolerance (Procter and Smirnoff 2000) , this characteristic is thought to be constitutive (Oliver et al. 1998 ).
As mentioned above, some poikilohydric organisms have long been known to have quite strong desiccation tolerance and quite interesting characteristics, but little is known about its mechanisms. Most of the work on desiccation tolerance of these organisms has been done using bryophytes and lichens. It has been reported that on dehydration, the PSII reaction center activity is lost in a similar way to photosynthetic CO 2 fixation (Csintalan et al. 1999) , while the PSI reaction center remained active in some desiccation-tolerant bryophytes (Heber et al. 2000) . Quenching of PSII fluorescence in dried mosses and lichens had also been shown. Although decreases in PSII fluorescence in lichens dried in the dark were attributed to decreased fluorescence efficiency due to preferential energy distribution to PSI (Sigfridsson and Ö quist 1980) , Bilger et al. (1989) suggested that interruption of energy transfer from light-harvesting Chl a/b protein complexes of PSII (LHCII) to PSII core complexes in dry lichens is the cause of the quenching. In dry mosses, P680, a reaction center Chl dimer of PSII, was suggested to be converted to Chl720, which will quench PSII fluorescence (Heber and Shuvalov 2005) . Thus, the cause of the desiccation-induced quenching of PSII fluorescence is still controversial. When dried in the light, fluorescence quenching due to the xanthophyll cycle was also reported to function effectively in tolerant species (Deltoro et al. 1998) . In spite of the presence of the highly active xanthophyll cycle, little care had been taken for light conditions during dehydration.
Recently, we have found that (i) desiccation-tolerant N. commune loses the photochemical activities of both PSI and PSII; (ii) light energies absorbed by phycobilins and PSI and PSII core complexes are effectively dissipated to heat; and (iii) cyclic electron flow around PSI is inhibited under drying conditions in the dark (Satoh et al. 2002) . The characteristic point is that the loss of the PSII photochemical activity paralleled the inhibition of the total photosynthetic electron flow. All these features seemed to be very important for survival of photosynthetic organisms under water stress conditions because when photosynthesis is inhibited due to increased viscosity and the ion concentrations of the cytosol, and/or due to the lack of an electron donor to PSII, i.e. water, photochemically active PSII will generate strong reductants or oxidants, which must destroy the cells.
Here we compare the responses to water loss in tolerant and sensitive species with those in N. commune and show several features of desiccation tolerance in bryophytes in detail. Light conditions during dehydration were strictly controlled in the experiments shown herein. The most outstanding feature in the tolerant bryophytes was the decrease in the quantum yield of PSII when the photosynthetic electron flow was decreased by dehydration. However, the two phenomena were not strictly parallel. In addition to the xanthophyll cycle, a new quenching mechanism was found to be functioning in bryophytes, and this light-induced non-photochemical quenching (NPQ) diminished the PSII activity almost completely when photosynthesis was abolished. Therefore, these NPQ phenomena were suggested to be important to avoid photoinhibition under drying conditions in tolerant species. In addition, dehydration-induced quenching of PSII fluorescence in desiccation-tolerant bryophytes dried in the dark was thought to be due to dissipation of light energy to heat, and the cause of the dissipation was shown not to be directly related to that of the lightinduced NPQ.
Results

Decreases in the photosynthetic activities under drying conditions
Decreases in the weight and photosynthetic activities of four bryophytes during air drying are shown in Figs. 1 and 2. Bryum argenteum and Hypnum plumaeforme grow under rather dry conditions, while Marchantia polymorpha and Philonotis falcata are found on humid ground and on the edge of streams, respectively. Rates of water loss depended on the amount of materials used, but they were almost the same for the four species, as shown in Fig. 1 , under the present experimental conditions. The final levels were between 6 and 20% of their initial, wet weights. In parallel with the measurement of water loss, photosynthetic activities were monitored by measuring the fluorescence parameters, F v /F m (representing the maximum quantum yield of PSII) and (F m 0 À F)/F m 0 (corresponding to the electron flow through PSII under actinic light; Genty et al. 1989) (Fig. 2) . Both parameters stayed almost constant for the initial 40 h of dehydration and started to decrease when the weight of the bryophytes became close to the final dry levels. In B. argenteum and H. plumaeforme, decay of the quantum yield of PSII started at almost the same time as that of photosynthetic electron transport, but F v /F m reached zero after a longer drying time than (F m 0 À F)/F m 0 ( Fig. 2A) . On the other hand, in M. polymorpha and P. falcata, the time when the F v /F m value started to decrease was 1-5 h later than that for photosynthetic electron flow (Fig. 2B) .
Recovery of PSII and cyclic electron transport activities on rehydration
On rehydration of the dry bryophytes, both the photosynthetic electron flow and the PSII activity recovered quickly in B. argenteum and H. plumaeforme (Fig. 3A) , while only slight and transient recovery of the F v /F m value and no recovery of the (F m 0 -F)/F m 0 value were observed in M. polymorpha and P. falcata (Fig. 3B) . Fig. 4 shows light-induced redox changes of P700, a reaction center Chl dimer of PSI, in B. argenteum (Fig. 4A ) and M. polymorpha (Fig. 4B ) during rehydration of dried samples. In dry states, P700 was photooxidized in both samples, but re-reduction of P700 þ in the dark was largely inhibited in B. argenteum, while partial but rapid re-reduction of P700 þ occurred in M. polymorpha. This re-reduction of P700 þ in M. polymorpha was not inhibited by addition of DCMU or 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) (data not shown), suggesting that the electrons did not come from PSII nor through the cyclic electron flow around PSI. It is probable that back electron flow occurred in dry M. polymorpha.
On rehydration, re-reduction of photooxidized P700 restarted and became faster in B. argenteum (Fig. 4A) , while the re-reduction slowed down and became almost negligible after 1 h of rehydration in a sensitive species, M. polymorpha (Fig. 4B) . In the experiments shown in Fig. 4 , 50 mM DCMU was added to the water used for rehydration. Therefore, Fig. 4A shows that recovery of electron flow from some reductants present on the reducing side of PSI to P700 þ occurred in B. argenteum. The extents of photooxidized P700 in B. argenteum ( Fig. 4A ) cannot be compared with one another, because the gametophores of B. argenteum are too small to be placed evenly under the light guide in complete darkness.
Dissipation of light energy absorbed by PSII
Under actinic light, quenching of Chl fluorescence, especially of PSII, can be induced by violaxanthin de-epoxidation of the xanthophyll cycle (Horton et al. 1996) . Fluorescence quenching can also be observed by successive pulses if the pulse interval is short (Fig. 5A , 0 M). Addition of 5 mM dithiothreitol (DTT), an inhibitor of the de-epoxidase, to B. argenteum inhibited its NPQ 450% (Fig. 5A) . However, the finding that the initial, fast NPQ was not affected even by 5 mM DTT shows that there are at least two mechanisms for the NPQ; one is the DTT-sensitive xanthophyll cycle and the other is an insensitive mechanism (Fig. 5A ). The finding that these two kinds of NPQ were also observed in desiccation-sensitive M. polymorpha ( Fig. 5B) suggests that the presence of the two kinds of NPQ is a common feature for bryophytes. Desiccation tolerance in bryophytes Table 1 shows the amounts of violaxanthin, antherathanthin and zeaxanthin þ lutein in wet B. argenteum before and after 20 min of light illumination and in a dry state. The amount of violaxanthin was decreased while those of antheraxanthin and zeaxanthin were increased by the illumination. DTT inhibited the light-induced conversion of violaxanthin almost completely, showing that the xanthophyll cycle is operating in this sample and that DTT-insensitive NPQ cannot be attributed to the xanthophyll interconversion. In this table, the total amounts of zeaxanthin and lutein are shown. However, the absorbance spectra of the dark samples are those of lutein with little contribution from zeaxanthin. Light causes an increase in the contribution of zeaxanthin to the spectra (data not shown).
Quenching of PSII fluorescence was also induced by dehydration of desiccation-tolerant bryophytes in the dark. Fluorescence emission spectra at 77K (Fig. 6 , curves a and c) show that light energy absorbed by PSII seemed to be largely dissipated to heat in a dry state in B. argenteum. Fluorescence from PSI (F724) was also decreased by dehydration, but the changes in the extent of PSII fluorescence (F686 or F695) relative to those of PSI fluorescence clearly show preferred quenching of PSII fluorescence. In desiccation-sensitive M. polymorpha, the fluorescence intensities also decreased by a half on dehydration, but the ratio of fluorescence from PSI to that from PSII did not change much (data not shown). Fig. 6 also shows the effect of light illumination on the fluorescence at 77K. Wet B. argenteum were illuminated at 258C for 20 min, frozen at 77K, and then the fluorescence emission spectrum was measured (curve b). The insert in Fig. 6 shows light-induced (a-b) and dehydration-induced (a-c) fluorescence difference spectra in B. argenteum. The decrease in PSI fluorescence due to light-induced NPQ can be attributed to a decrease in the spillover of light energy from PSII to PSI. The dehydration-induced quenching caused larger PSI quenching than that caused by the actinic light. The peak wavelengths of quenched PSI fluorescence were also slightly different between the two.
Quenching of PSII fluorescence on dehydration in the dark was not inhibited by the addition of DTT and uncouplers of photophosphorylation (CCCP and NH 4 Cl) (Fig. 7) . Table 1 also shows that violaxanthin was not converted to antheraxanthin and zeaxanthin during dehydration in the dark. These results show that the cause of . DTT light, illuminated for 20 min by light of 500 mmol photons m À2 s À1 after incubation with 5 mM DTT for 1 h in the dark. Dry dark, dried in the dark for 448 h. Lutein migrated at the same position as zeaxanthin. For calculation of the amounts, the extinction coefficient of zeaxanthin was applied to the total absorption of the bands. The values are means AE SD (n ¼ 5). 
Effects of hypertonic treatments and light
Water depletion from the cytosol can also be attained by hypertonic treatments of the bryophyte cells. (Fig. 8A, open  symbols) . When B. argenteum was dried in the air, the F v /F m and (F m 0 À F)/F m 0 values decreased almost simultaneously (see Fig. 2A ), but in the case of hypertonic treatments, a dehydration stage where the PSII reaction center is highly active while photosynthetic electron flow is almost zero (e.g. 2.0 M sorbitol, see Fig. 8A ) could be easily distinguished. In the case of air drying, the loss of water might not occur uniformly throughout the gametophytes and might be too rapid to observe these stages clearly. Fig. 8A also shows rates of photosynthesis (CO 2 -dependent O 2 evolution) in B. argenteum gametophytes treated with various concentrations of sorbitol (filled diamonds). The rate of photosynthesis corresponded well to the fluorescence parameter, (F m 0 À F)/F m 0 . In M. polymorpha, photosynthetic electron flow is totally inhibited in 1.5 M sorbitol, but the F v /F m value stayed at a high level even in 4.0 M sorbitol (Fig. 8B, filled  symbols) . Transfer of the gametophytes into distilled water after the sorbitol treatments caused further inactivation of both photosynthetic electron flow and the PSII reaction center activities (Fig. 8B, open symbols) . 
Desiccation tolerance in bryophytes
The (F m 0 À F)/F m 0 values also corresponded well to the photosynthetic O 2 evolution (filled diamonds) in sorbitoltreated M. polymorpha.
In order to find out whether the remaining PSII reaction center activity causes damage to the cells under light when photosynthetic electron flow is inhibited, the effects of high light illumination of B. argenteum in 2.0 M sorbitol were examined. Unexpectedly, illumination of the gametophytes in 2.0 M sorbitol had little effect on either the F v /F m or (F m 0 À F)/F m 0 values when they were measured after rehydration (Fig. 9, trace d ). However, when the actinic light was turned off, restoration of the quenched fluorescence was greatly retarded, as shown in Fig. 9 , trace b, indicating inhibition of the recovery process of NPQ under hypertonic (dehydration) conditions. As a result, a quite low fluorescence level was observed in B. argenteum which had been treated with 2.0 M sorbitol under light (trace c). No inhibitory effect of high-light preillumination in B. argenteum treated with 2.0 M sorbitol (trace d) suggests that the cells were protected from photodamage through deactivation of PSII by dissipation of light energy in PSII. NPQ in 2.0 M sorbitol-treated B. argenteum also showed two phases; rapid and slow (trace b). The extent of the slow phase varied from sample to sample and was inhibited by DTT (trace e). In some cases, the extent of the slow component was negligible. The initial, rapid component was not inhibited by DTT but was slowed down by NH 4 Cl (trace f), suggesting that not only the xanthophyll cycle but also the DTT-insensitive quenching mechanism is operating in 2.0 M sorbitol-treated B. argenteum, as in distilled water (Fig. 5) , and that the initial trigger for the light-induced quenching must be formation of a ÁpH across the thylakoid membranes. The results also suggest that the fast, DTT-insensitive component plays an important role in protection of the cells from photodamage. Fig. 9 also shows time courses of Chl fluorescence in desiccationsensitive M. polymorpha treated with distilled water (control, trace g) and 2 M sorbitol (trace h). It is evident that M. polymorpha had two types of NPQ [DTT-sensitive and -insensitive (Fig. 5B) ] but that dehydration of M. polymorpha inhibited both types of NPQ.
To clarify the relationship between the air drying and the hypertonic treatment, we tried to measure the solute concentration in B. argenteum cells. Dependency of the water potential on the water loss and detection of plasmolysis by microscopic measurements suggested that the solute concentration inside the cells corresponds to around 0.4 M sorbitol (data not shown, but see Hirai et al. 2004) . This means that about 80% of the cytosolic water might be drawn from the cells when they are immersed in 2.0 M sorbitol solution.
Discussion
Fluorescence parameters and the photosynthetic activities
The data in Fig. 8 clearly show that the fluorescence parameter, (F m 0 À F)/F m 0 , reflects the activity of CO 2 fixation very well, not only in a fully wetted state (Marschall and Proctor 2004) but also during dehydration of the gametophytes. This means that the (
value is a linear function of the photosynthetic electron flow through PSII in bryophytes as in higher plants (Genty et al. 1989) . There is no good method to measure the PSII 
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Desiccation tolerance in bryophytes reaction center activity in intact gametophytes. Here, therefore, we used the F v /F m value as a measure of the PSII reaction center activity because F v /F m is known to reflect the reaction center activity in a wide range of photosynthetic organisms, from higher plants (Genty et al. 1989 ) to cyanobacteria (Inoue et al. 2001 ).
Characteristics of desiccation-tolerant and -sensitive species
Figs. 3 and 4 clearly show that B. argenteum and H. plumaeforme are desiccation-tolerant species and M. polymorpha and P. falcate are intolerant ones, and support the idea that damage to the cells started on rehydration after drying treatments in desiccation-sensitive bryophytes (for a review, see Oliver and Barley 1997) . We also measured the fluorescence parameters in other bryophytes, such as Barbura unguiculata, Atrichum undulatum and Polytrichum commune, and found that the almost parallel loss of the PSII photochemical reaction with the photosynthetic electron transport activity under air drying conditions (as shown in Figs. 1 and 2 ) was a phenomenon common to the desiccation-tolerant species. Rapid and efficient NPQ in dehydrated bryophytes (see Fig. 9 ) is also found to be a common and unique feature of the desiccation-tolerant species tested. Drastic quenching of PSII fluorescence compared with PSI was also a specific feature for desiccation-tolerant bryophytes (see Fig. 6 ). These must be important characteristics for desiccationtolerant bryophytes because an active PSII reaction center will produce active oxygen species under desiccation and illumination conditions.
Hypertonic treatment
In the case of air drying, the water contents inside the cells are always changing and may not be uniform throughout the gametophytes because of continuing water loss from the surface. However, hypertonic treatments of bryophytes give us a simple and rapid method to fix them in a certain and uniformly dehydrated state during measurements of activities, although complete dehydration cannot be obtained by this method. Because the solute concentration in the bryophyte cells was determined to correspond to around 0.4 M sorbitol, incubation of the bryophytes in solutions in which the concentrations of sorbitol are higher than 0.4 M will cause water depletion from the cells. During air drying, the water potential stayed at zero until half of the removable water was lost from B. argenteum gametophytes (data not shown but see Hirai et al. 2004 ). This result suggests that about a half of the water in wet B. argenteum is present outside the cells. Air drying of B. argenteum gametophytes for 50 h caused 90% depletion of the removable water and F v /F m started to decrease (Figs. 1, 2) . The 90% depletion corresponds to 40% loss out of 50% of the water inside the cells and to an increase of the solute concentration from 0.4 to 2.0 M. These data coincide well with the data shown in Fig. 8 .
PSI activities in a dry state
In contrast to the case in a desiccation-tolerant cyanobacterium, N. commune, photooxidation of P700 was observed in a dry state in both desiccation-tolerant and -sensitive bryophytes (Fig. 4) . However, because of the inhibition of re-reduction of P700 þ in PSI in tolerant species, no redox change of P700 was observed when B. argenteum gametophytes had been dried under light (see Fig. 4A ). This means that the reaction center activity of PSI is also apparently deactivated in tolerant species when they are dehydrated under light. The inhibition of re-reduction of P700 þ can be attained by simultaneous inhibition of all the following activities: electron flow from PSII; cyclic electron flow around PSI; and the back reaction in PSI. The inhibition of the back reaction in PSI suggests that a unique structural change(s) of the reaction center complex was induced by dehydration in desiccation-tolerant mosses.
All these results support the idea that deactivation of the photochemical reaction of PSII, retardation of the cyclic electron flow around PSI and back electron flow in PSI, and dissipation of light energy absorbed by PSII are not passive effects of dehydration, but rather positive and indispensable responses to desiccation in desiccation-tolerant species.
Light-induced quenching of PSII fluorescence
A quite unique feature of desiccation-tolerant bryophytes found in the present study is that, in addition to the xanthophyll cycle, the ÁpH-induced but DTT-insensitive NPQ of PSII fluorescence, which seemed to be common to bryophytes, plays an important role in desiccation tolerance (Fig. 9) . The presence of the two types of light-induced NPQ was also supported by the findings that the recovery process of NPQ also showed two phases which corresponded to the DTT-sensitive and -insensitive NPQ (data not shown). The relative extent of NPQ due to the xanthophyll cycle varied from sample to sample when B. argenteum was treated with 2.0 M sorbitol, but the DTT-insensitive mechanism always causes rapid and strong quenching of PSII fluorescence, resulting in deactivation of PSII. Strong dissipation of light energy absorbed by PSII, which was indicated by the NPQ, might have inhibited the PSII reaction and protected the cells from photoinhibition under dehydrated conditions (Fig. 9, traces b-d) . In contrast, when desiccation-sensitive M. polymorpha was treated with 2.0 M sorbitol, both the DTT-sensitive and -insensitive quenching were inhibited, and light-induced NPQ was hardly observed (Fig. 9, trace h) . Inhibition of recovery of NPQ in the dark in the dehydrated state (Fig. 9 , traces b and c) can also contribute to avoiding photodamage in the dehydrated state.
Recently, the DTT-insensitive but ÁpH-induced NPQ has been reported to be functioning at an early stage of NPQ in higher plants. The NPQ was replaced by DTTsensitive, xanthophyll cycle-induced NPQ in the subsequent stages (Finazzi et al. 2004) , although this NPQ requires protonation of PsbS on the lumenal side (Li et al. 2004 ). On the other hand, red algae are known to show marked ÁpH-induced NPQ, which is not related to the xanthophyll cycle (Estelle et al. 1998) . The decrease in the F m 0 level of Chl fluorescence can also be caused by photoinhibition of PSII or inhibition of electron flow on the water side of PSII due to acidification of the thylakoid lumen (Ono and Inoue 1988) . However, these seem not to be the case because the NPQ was retarded by an uncoupler (NH 4 Cl, Fig. 9 ) and the fluorescence decrease after the saturating pulses was slowed down in B. argenteum in 2.0 M sorbitol (data not shown, but see Fig. 9 ); photoinhibition might be accelerated by uncouplers, and inhibition of the water side of PSII should speed up the fluorescence decay after the saturating pulses due to the occurrence of the rapid back reaction of PSII. HPLC analyses of carotenoids also supported that the DTT-insensitive, xanthophyll cycle-independent NPQ was functioning in bryophytes (Table 1) . Experiments to clarify the mechanism of the new NPQ are in progress.
Desiccation-induced quenching of PSII and PSI fluorescence
One of the remaining questions is how the deactivation of PSII and dissipation of light energy absorbed by PSII in a dry state take place. Fig. 7 and Table 1 suggest that, unlike the light-induced NPQ, de-epoxidation of violaxanthin or ÁpH formation is not the cause of the quenching of PSII fluorescence on dehydration in the dark. In addition to PSII quenching, dissipation of light energy absorbed by PSI seems to occur. The inset in Fig. 6 shows that quenching of PSII fluorescence by light-induced NPQ causes a decrease in PSI fluorescence as well. This must be due to the presence of spillover of light energy from PSII to PSI. However, desiccation-induced quenching of PSI fluorescence was greater than quenching due to the lightinduced NPQ. Greater quenching of PSI fluorescence by drying can be attributed to shrinkage of cells and chloroplasts (Seel et al. 1992) , but the shift of the peak wavelengths of the PSI fluorescence (from 725 nm in wet to 722 nm in dry samples) suggests that quenching of a longwavelength component of PSI fluorescence occurred in the dry state (see also Fig. 7) . Increases in fluorescence from LHCII were also not observed in dry B. argenteum at 77K (Fig. 7) . All the data mentioned above suggest that neither state 1-state 2 transition nor detachment of LHCII from the PSII core complex was the cause of the fluorescence quenching of PSII. Furthermore, conversion of P680 to Chl720 (Heber and Shuvalov 2005) was not observed either in the tolerant or in the sensitive species used here at 77K (Fig. 6 ) and at 293K (data not shown).
Concerning the ecological niches of the seven bryophytes used here, we could not find any differences in responses to the desiccation stress among the desiccationtolerant species, although we could clearly see the differences between desiccation-tolerant and desiccation-sensitive species. This might be because the responses listed herein are fundamental to desiccation tolerance in bryophytes. However, the activity of NPQ seemed to be greater in bryophytes which had grown under drier conditions. Further work is needed to clarify these points.
Materials and Methods
Materials and dehydration and rehydration conditions
Five mosses [B. 0 N). P. commune was collected in the campus of University of Kyoto, Sakyo-ku, Kyoto. For air drying, the bryophytes were dried at 258C in the dark (humidity, 61%). The amount of water remaining in dry gametophytes was estimated by the decrease in weight after incubation of the dry bryophytes in a dry oven at 1208C for 2 h and was found to be 55% of the dry weight.
For hypertonic treatments, the gametophytes were incubated in distilled water containing various concentrations of sorbitol and were incubated for 12 h in the dark before measurements of the activities.
For rehydration experiments, gametophytes air-dried in the dark for 7 d were re-wetted using distilled water. In the case of hypertonic pre-treatments, gametophytes incubated in various concentrations of sorbitol for 12 h were transferred to distilled water and incubated for another 12 h in the dark, and then the photosynthetic activities were measured.
Measurements of water potential
Water potential values of various concentrations of sorbitol solution and bryophyte gametophytes during air drying were measured using a WP4-T Potentia Meter (Decagon Devices, Pullman, WA, USA) at 258C. Water potential was measured in a continuous mode, and the values of water potential 30-60 min after setting the samples into the potentiometer were transferred to a personal computer.
Measurements of photosynthetic activities
Chl fluorescence was measured using either a PAM 101/3 Chl fluorometer (Walz, Effeltrich, Germany) as described by Yamane et al. (1997) or a Xe-PAM Chl fluorometer (Walz). Measuring light from a xenon lamp (64 Hz) was passed through a Bausch & Lomb monochrometer (435 nm, catalog No. 33.86.02 ) and a Corning 4-96 filter. A Toshiba R68 filter was placed in front of the photomultiplier. The intensities of the measuring light, actinic light and saturating pulse were 0.01, 222 and 1,459 mmol photons m À2 s
À1
, respectively. The duration of the saturating pulse was 2.0 s. The fluorescence intensities were plotted on a recorder.
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Desiccation tolerance in bryophytes Light-induced redox changes of P700 were measured with a PAM 101/3 fluorometer, equipped with a dual-wavelength emitter-detector unit, ED-P700DW. The intensity of the actinic light was 290 mmol photons m À2 s
À1
. Rates of photosynthesis were obtained by measuring the rates of oxygen evolution with a Clark-type oxygen electrode at 258C. The reaction mixture contained 50 mM HEPES-NaOH (pH 7.5), 5 mM NaHCO 3 and various concentrations of sorbitol. Before measurements, the green parts (3 mg) of dried B. argenteum gametophytes were cut off, re-wetted for 412 h, and then were incubated in sorbitol solutions for 1 h. For M. polymorpha, 15 mg of wet thallus fragments with no rhizoid were cut into several small pieces and then were incubated in sorbitol solutions for 1 h before measurements.
Measurements of fluorescence emission spectra
Fluorescence emission spectra at 77K or at room temperature were obtained using a laboratory-constructed spectrophotometer as reported by Yamane et al. (1997) . The excitation light from a 12 V, 100 W halogen lamp was passed through a Corning 4-96 filter. For measurements at 77K, gametophytes on a quartz glass rod were quickly frozen at 77K by dipping the grass rod into liquid nitrogen.
Measurements of effects of high-light illumination in dehydrated bryophytes
The gametophytes which had been pre-incubated for 6 h in distilled water or in 2.0 M sorbitol were illuminated for 3 h with white light of 500 mmol photons m À2 s À1 and placed in distilled water in the dark for 3 h, and then the fluorescence was measured.
Measurements of carotenoids contents in bryophytes
Dark-adapted or pre-illuminated bryophytes were quickly frozen in liquid nitrogen, and the pigments were extracted from the frozen samples with dimethyl formamide. HPLC was performed using a reverse phase Prodigy 5 column as reported previously (Kashino and Kudoh 2003) . Where indicated, samples were illuminated at 500 mmol photons m À2 s À1 for 20 min with or without 5 mM DTT before freezing.
